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INDUCTION HEATING SYSTEM FOR FUSIQN BONDING 

s Background of the Invention 

1. Field of the Invention 

The present invention generally relates to fusion bonding of 

thermoplastic materials such as polyolefins by heating them, and more particularly to a 

method and apparatus for applying electromagnetic energy to a material having energy 

10 susceptors therein so as to heat the material The present invention is especially useful 

in the bonding of polyethylene cables and duct, such as is used in the 

telecommunications industry. 

2. Description of the Prior Art 

The present invention relates to a method and apparatus for joining, 

is repairing or sealing the insulating covers of cables and ducts, such as those used for 

telecommunications, including cables of copper wires or optical fibers. When two or 

more cable ends are joined together, for example when extending a cable, tapping into 

an existing cable, or repairing a severed cable, a splice or splice area is created. 

Generally, it is necessary to provide a closure for such splices to protect the splice 

·20 against harmful environmental influen~ regardless of whether the cable is, e.g., aerial 

or buried. 

One persistent problem in the use of splice closures involves the need 

for a complete seal about the splice. Many prior art splice closures accomplish sealing 

by providing a complex array of nuts and bolts, clamps, gaskets and heat shrink 

2s (thennoelastic) tubing, as well as potting gels and resins, in various combinations. 

Besides the fact that these closure methods require significant assembly time, the 

closures still often suffer leaks or ruptures, particularly along their seals. This problem 

is even more acute at the sealing of the closure to the cable jacket (the outermost layer 

of the cable), where even the slightest defect can result in the migration of moisture 

30 along the jacket or the inner surface of the closure. Such moisture progresses into the 

splice area and adversely affects the electrical connections therein, often even when 
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heat shrink tubing is used. since such tubing provides at best a weak adhesive bond to 

the cable jacket. The use of heat shrink tubing in the construction of splice closures is 

further limited by the usual requirement of an open flame, which in many cases (e.g., 

splices in trenches or manholes) can be very dangerous due to the possible presence of 

s explosive gases. 

Leakage at seals may be somewhat reduced by the use of special 

closure designs such u so-called elamshell designs which include a hinge integrally 

molded with the top and bottom halves of the closure. One such exemplary closure is 

illustrated in U.S. Patent No. 4,810,829, which is referred to as a SUC splice closure 

10 (SLiC is a trademark of Minnesota Mining and Manufacturing Co.). Nevertheless, 

moisture migration is still possible along the longitudinal seal of such a closure, as well 

as at the end caps or seals to the cable jacket. A lack of a complete (hennetic) seal can 

also be particularly detrimental for pressurized closures. 

Although these seals may be strengthened by the use of adhesives, the 

15 adhesive bonds Conned are relatively weak due to the low surface energy of the 

material of the closures and cables, typically polyethylene. U.S. Patent No. 3~143,364 

discusses the great difficulty in bonding nearly anything to polyethylene. An 

alternative technique for sealing thermoplastic polymers such as polyethylene is that of 

tbsion bonding. This technique generally involves the heating of the material until it 

20 becomes molten at its sealing surfaces, causing it to flow together at the intertaces, and 

can be used for butt welds, coupling joints and repair sleeves. There are four specific 

methods of fusion bonding: (i) direct heating (ii) microwave heating, (iii) dielectric 

heating, and (iv) induction heating. These various heating methods may also be used 

to activate thermoset and thermoplastic (hot-melt) adhesives, as well as thermoelastic 

2s (heat-shrink) tubing. 

In direct heating. heat is applied to the thermoplastic article to be 

bonded by directly attaching heating elements to the article. Current flowing through 

the elements heats them up. The current is supplied by a power source directly 

connected to the elements, but the heating is not very efficient. One advantage of such 

30 a system is that is does not involve emission of radiation. but there are still safety 

issues with the use of hard-wired current sources, and there are disadvantages such as 
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non-unifonn heating of the material. Examples of direct heating for sealing cables, 

pipes or closures are shown in U.S. Patent Nos. 4,095,044, 4,792,374, and 4,947,012, 

and Patent Cooperation Treaty Application Nos. WO 89/05230, WO 90/06010 and 

WO 94/05485. 

In microwave heating, depending upon the materials used, radiant 

microwave energy may heat the material by dielectric polarization, hysteresis heating 

and/or resistive heating. The former of these mechanisms is powered by the electric 

portion of the field (the" E" field) in the microwave signal. while the latter two 

mechanisms are powered by the magnetic portion of the field (the "H" field). The 

10 bonding of cables and pipes using a composite bonding material (CBM) having 

microwave susceptors is disclosed in U.S. Patent Nos. S,24S, 15 I and S,254,824. 

Microwave heating generally involves signals in the range of 1 to 300 GHz, although 

European Patent Application No. 399,S99 discusses applying microwave radiation 

having a frequency of at least 433 MHz. 

15 Dielectric heating is also well known, and requires two plates or 

electrodes which create a varying electric potential (voltage) around or through the 

body to be heated. With dielectric heating, there is only E field interaction, i.e., there 

are no induced eddy currents or hysteresis loss. Heating occurs through dielectric loss 

or absorptive mechanisms such as may occur by perturbation of the electrons in the 

20 atoms or molecules (inducing a dipole moment), and by dielectric polarization if the 

material has polar molecules. A polar molecule (e.g., water) is not necessarily 

magnetically reactive. Japanese Patent Application (Kokal) No. S4-58777 describes 

the use of dielectric heating to connect polyolefin pipes. Canadian Patent No. 

1;237,970 notes that dielectric and induction heating techniques may be combined. 

25 Induction heating has been widely used to seal and bond polymeric 

materials. A composite bonding material is fonned by dispersing magnetically reactive 

susceptors in a thennoplastic carrier which is compatible (miscible) with the 

thermoplastic bodies to be welded. When this material is placed in an alternating 

electromagnetic field, the H fidd induc:es heating in the magnetic material. Heating 

30 may be caused by one of two etfects: hysteresis loss, or resistive loss fi'om induced 

eddy currents. The E field does not interact with the magnetic particles. The 
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following list of U.S. patents is representative of a wide variety of induction techniques 

used to heat adhesives and composite bonding matrices, in order to join thermoplastic 

materials such as polyethylene: 

U.S. Patent No. 

2,393,S41 
3,574,031 
3,620,875 
3,657,038 
3,709,775 
3,730,804 
3,802.985 
3,996,090 
4,067,765 
4,749,833 
4,762,864 
5,123,989 
5,125,690 

These patents describe a variety of susceptor materials. including iron 
20 oxide (ferrous and ferric), fenite powder (e.g., barium ferrite), other metals and metal 

oxides including chromium, manganese, nickel, cobalt, stainless steel, alloys of 

aluminum, silicon, copper, silver and gold, and carbon powder (graphite). These 

materials may be coated on inert particles, that is, a susceptor substrate which is 

transparent or non·reactive to radio frequencies, including substrates such as glass 

25 beads or mica flakes. The susceptors may be circular, irregular shaped, or fonned into 

fibers, wires, strips, threads. fabric or screening. 

The alternating electromagnetic field which is used in these induction 

heating techniques has a frequency which is typically in the range of 4-30 MHz. The 

&989 patent describes induction heating with a frequency as low as 1 kHz. 
30 Leatherman, in the '090, '765 and '985 patents, suggests that the frequency may vary 

fi'om 450 kHz to S GHz, but no explanation is given on how to achieve efficient 

energy conversion at such high frequencies. Indeed, Leatherman only teaches the use 

of an induction coil and states that, with such a coi~ the maximum frequency should be 

35-50 MHz. Lower frequency power supplies are deemed preferable since they 

3S typically cost substantially less than higher frequency generators; however~ the use of 



W09"31090 PCT/USH/01853 

lower frequencies usually requires a higher volume of susceptor material than would be 

required at higher frequencies. Therefore, use of a lower frequency generator results 

in higher loading of the susceptor material in a CBM, which can reduce the strength of 

the CBM and adversely affect the fusion bonded seal. It is further inadvisable to use 

s lower frequencies for fusion bonding to telecommunications cables since these cables 

have metallic components (sheaths in copper cables, steel strengthening strands in fiber 

optic duct) which couple to the magnetic field portion of the inductive energy, 

whereby the metal eomponent heats up sufficiently to cause damage to the cable or the 

wires/fibers therein, and also wastes energy. 

10 Energy consumption is important for field splicing and repair since 
power sources may be limited. Simtlarly, the power supply and applicator should be 

portab~ as lightweight as possible, and rugged. Conventional power supplies and · 

applicators are not well-suited for use in the splicing and repair of cables and closures, 

in that they are generally bulky and heavy, and do not have the appropriate geometry 

15 for sealing cables. There are further no suitable applicators for higher frequency 

ranges. It would, therefore, be desirable to devise a system to efficiently couple 

electromagnetic energy into absorptive materials and allow the materials to be heated 

and bonded with less electromagnetic power than is required by more conventional 

means, particularly at higher ftequencies. The power supply and applicator should be 

20 portable (i.e., not too bulky or heavy) to allow ease of use in field splicing and repair 

of telecommunications cables. It would be funher advantageous if the system could 

seal surfaces of various shapes and sizes. and be able to seal around a cable or closure 

without having access to the end of the cable. The applicator construction and 
operation should also be amenable to applicable safety regulations 

lS 

Summary of the Invention 

The present invention provides an induction he&ting system for fusion 

bonding of telecommunications cables and closures, generally comprising (i) a 

composite bonding material (CBM) having a bonding matrix and a plurality of 

30 susceptors, said susceptors being magnetically reactive at a frequency above SO MHz. 
and (ii) applicator means for applying radiant electromagnetic energy to said composite 
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bonding material at a frequency greater than SO MHz. such that the susceptors may be 

heated sufficiently to melt a ponion of the bonding matrix. Preferably, the susceptors 

are magnetically reactive in the range of 75-SOO MHz. and said applicator means 

applies radiant electromagnetic energy in the range of 15-SOO MHz. The applicator 

5 most preferably applies energy at a peak frequency of about 12S MHz. 

In one embodiment, the applicator includes an elongate, coaxial 

quarter-wave resonator having an mner conductor, and an outer conductor at least 

partiaDy surrounding the inner conductor, the inner and outer conductors being shorted 

at one end of the resonator, and the inner and outer conductors being constructed such 

10 that material containing the susceptors may be interposed between the inner and outer 

conductors. The inner conductor may comprise an electrically conductive tube located 

within an electrically conductive outer shield (the outer conductor). A coaxial 

connector is provided to connect the resonator to the power supply, through a 

capacitive probe coupling electromagnetic energy to the inner resonator tube, the 

IS capacitive probe being connected to a center conductor of the coaxial connector, and 

the outer tube (shield) being connected to a ground conductor of the coaxial 

connector. Dielectric material may fill the space between the capacitive probe and the 

inner resonator tube, as well as the space between the inner tube and the outer tube 

(shield). 

20 The applicator may be selected from a plurality of applicators each 

adapted to receive power from the same power supply, and each having a different 

geometry for heating the ~ i.e., for accommodating dift'erently shaped 

thermoplastic articles to be bonded. Alternatively, the applicator may be constructed 

of an applicator base and a heating adapter operatively connected to said applicator 

25 base, the heating adapter being selected from a plurality of heating adapters each 

having a different geometry for heating the CBM. 

In an alternative embodiment of the applicator, the two resonator tubes 

are electrically connected by a coil which may be shaped to encompass the item or 

region to be heated. This coil may be comprised of a single conductor strip or of a 

30 plurality of wires, electrically insulated from one another, each fonning a coil with a 

common axis, each of the wires being electrically connected in parallel at each end. 
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Several of the wires may further be stacked to form multiple layers of coils, such that 

the eft"ective resistance of the applicator is reduced and the current-carrying capacity is 

increased. A plurality of capacitors spaced at selected intervals may also be connected, 

individually, in series with a respective one of said coils, such that current in the coils is 

s approximately uniform for coil circumferences which are greater than about 0.1 of the 

wavelength of the radiant electromagnetic energy. 

The foregoing system efficiently couples electromagnetic energy into 

the bonding materials with less electromagnetic power than is required by more 

conventional means. and accomplishes this at a higher frequency, avoiding the 

10 problems associated with induction heating of teleconununications cables at lower 

frequencies. This also reduces the size, weight and cost of the electromagnetic power 

generator and makes it more amenable to portable operation where the availability of 

primary power is limited. In addition the requirement for less electromagnetic power 

improves the safety of such heaters by inherently reducing the electromagnetic fields to 

ts which an operator may be exposed and similarly reduces the potential of interference 

to other services using the same electromagnetic frequencies. Additional features of 

the present invention include: (1) the suitability to efficiently heat and bond materials 

of linear, curved, circular and other configurations; (2) the capability to make seals 

around and between materials of extended lengths without requiring access to the end 

20 of the material; (3) a heating zone of restricted and controlled volume and of a shape 

and size compatible with the material to be bonded; (4) adaptability to the heating of 

absorptive dielectric materials in the electric field region of an electromagnetic field or 

the heating of magnetically absorptive or resistive materials in the magnetic field 

region; and (5) compatibility of the applicator design with appropriate shielding to 

2S minimize electromagnetic field emissions outside the heater device. 

30 

Brief Description of the Drawinss 

The invention will best be understood by reference to the accompanying 

drawings, wherein: 

Figure 1 is an elevational view of a conventional two-conductor. 

quarter-wave cavity; 
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Figures 2A and 2B are perspective views of coaxial, quarter-wave 

cavities used as applicators of inductively coupled energy, according to the present 

invention; 

Figures JA, 3B, Je and JD are elevational views. shown in section, of 

s another embodiment of the quarter-wave cavity applicator of the present inventions, 

with differently-shaped heating adapters; 

10 

Figures 4A and 4B are side elevational and top plan views, respectively, 

of still another embodiment of the quarter-wave cavity applicator of the present 

invention, adapted for use in sealing longitudinal flanges; and 

Figure S is a perspective view of an alternative embodiment of the 

applicator used in the present invention. 

Description of the Pref'errecl Embodiment 

The present invention is directed to a method and system for induction 

15 heating. particularly for t\lsion bonding of thennoplastie polyolefins, and essentially 

comprises (i) an applicator for providing radiant electromagnetic energy, and (ii) a 

composite bonding material (CBM) having a bonding matrix and a plurality of 

susceptors which are magnetically reactive. The susceptors are selected to be efficient 

at very high frequencies, greater than SO MHz, preferably in the range of 75-500 MHz. 

20 The applicator accordingly is designed to optimize energy output in these rang~ and 

most preferably at peak frequency of about 125 MHz. 

In one embodiment, the appli~ator of the present invention adapts the 

properties of a quarter-wave resonator. A length of two-conductor electrical 

transmission line that is shorted (low resistance connection from one conductor to the 

2s other) at one end and open at the other, u illustrated in Figure 1, will be resonant at 

frequencies having a quarter-wavelength (or odd multiples thereof) approximately 

equal to the effective length of the line. At these resonant fi'eQuencies the line will 

have a (near) zero impedance at the shorted end and a very high impedance at the open 

end. .As a consequence, when appropriately connected to an electromagnetic power 

30 source. of a frequency corresponding to the quarter-wavelength resonance, there will 

be, at the shorted end of the line, near zero voltage between the two conductors and a 
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very high current flowing in the conductors. Toward the open end of the line the 

voltage across the line increases and the current flow in the conductors decreases such 

that at the open end the current flow is essentially zero and the voltage between the 

conductors is at a maximum. 

s The quality ofa resonator is defined by the "Q," which is a ratio of the 

energy stored to the energy dissipated per cycle of the electromagnetic field. The 

amount of voltage at the open end, and the current at the shorted end, are proportional 

to: (I) the power. P, that is coupled from the electromagnetic source into the 

resonator and (2) the respective impedances at the two ends, such that P = 'E!IZ1 = i'Z2 

10 where E is the electric field strength at the open end, Z1 is the electrical impedance 

between conductors at the open end, Z2 is the effective impedance of the shorted end 

and I is the current at the shorted end. These impedances are functions of the 

configuration of the transmission line and the Q which is affected by the resistive loss 

of power in the conductors. the dielectric loss of power in the insulating media 

lS between the conductors, the power lost by radiation and the power Joss in absorptive 

material being heated by the resonator fields. For eflicient heating of materials the 

power loss in these materials should be as large a portion of the total power loss as can 

be achieved. This then implies that the Q of the resonator, without considering the 

effects of the material to be heated. should be as high as can be achieved within the 

20 restrictions imposed by other requirements and the material to be heated should cause 

as large a reduction in the Q as can be achieved, i.e. the power absorbed from the 

resonator by the material to be heated should be maximized. The applicator of the 

present invention addresses these issues. 

The heating of magnetic and conductive materials in a time varying 

25 magnetic field is a function of the magnetic field intensity (H), the hysteresis loss 

characteristics, the eddy current loss characteristics and the frequency of the time 

varying field. The total power lost, P,, ftom the field to such materials is 

where: 

30 

P,=P11 +P. 

P.,, = hysteresis loss, watts, ce BfvABH, 

Pe= eddy current loss, watts, a:.JJilv, 
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B = magnetic flux density in the material = µH, 

µ = relative permeability of the material, 

H = magnetic field intensity, 

I= frequency of H field. 

v = volume of material, and 

As.If= area ofB-H curve of magnetic material, for field intensity of H. 
For non-conductive magnetic materials only the hysteresis loss causes the material to 
be heated as a result of power absorbed from an electromagnetic field. Since the H 

field is proponional to the current flowing in a conductor, the highest H field in the 

10 quaner-wave resonator is at the shorted end of the line. Similar analysis of the electric 
field shows that dielectric heating can be maximized at the open end of the line. 

The current I which generates the H field is a function of the Q of the 

resonator and the characteristic impedance. Zo. A higher Q resonator results in 

increased E and B fields for a given amount of electromagnetic power coupled into the 

IS resonator. In addition, the current is an inverse function of Zo, while the voltage is a 

direct function of this parameter. To maximize the Q the power lost or dissipated per 
cycle, except that lost to the material being heated. should be minimized. To minimize 
radiation losses this objective is best met by using an enclosed (shielded) resonator 
design similar to a coaxiaJ transmission line, as shown in Figures 2A and 2B, or similar 

20 to a cavity resonator using waveguide techniques. The resonator Q is also increased 
by minimizing resistive losses in the conductors through the use of low resistivity 
materials having a maximum cross-sectional area and low resistance joints or 
connections between metal components. Similarly, any dielectric or insulating 

materials used in the resonator structure should have a minimum dissipation factor at 

25 the selected operating frequency. Forming the conductors at the shorted end of the 

resonator to enclose the volume of magnetic material to be heated provides a region 

where maximum heating of this type material is obtained. 

The applicator embodiments ofFigures 2, 3 and 4 are based on a 

quarter-wavelength coaxial resonator that is shorted at one end and open at the other. 

30 These applicators have an outer conductor 10 which forms a shield around an inner 

conductor U. A low resistance electrical conductor (a continuation of the shield), 
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joins 10 to 12 at shoned end 14, preferably continuous around the shorted end 14, and 

outer conductor 10 may also enclose open end u; but is not eJectrically connected to 

center c~uctor 12 at open end 16. The shape of outer conductor/shield 10 may be 

round (Figure 2A), square (Figure 2B) or other configuration. Magnetically absorptive 

5 material 18 to be heated is Jocated between the two conductors near the shorted end of 

the line. Holes or slots may be provided through the outer conductor near shoned end 

14 to allow insertion of dielectrically reactive material, to be heated in the region 

between the conductors adjacent the shorted end. Center conductor 10 may be fonned 

into a half loop or other shape to fit around material to be heated and thereby 

10 concentrate the field in the selected region. Electromagnetic power from an external 

generator is coupled into the resonator by use of a capacitive probe at, or near. the 

open end, by a inductive loop at, or near. the shorted end. or by a direct electrical 

connection to the center conductor. 

The quarter-wave resonator must have an effective electrical length that 

15 is a quarter-wavelength long at the operating ftequency. The physical length may be 

made much shorter than the effective electrical wavelength by appropriate use of 

capacitive or inductive loading as is known, or by using an insulating material of high 

dielectric constant between the two conductors. The high dielectric constant material 

reduces the velocity of the electromagnetic wave in the resonator in proportion to the 

20 square root of the dielectric constant of the material. By filling the space between 

conductors with a material having a relative dielectric constant of 4, for example, the 

physical length of the resonator for a given ftequency can be (nominally) reduced to 

half that of an air·filled resonator. The material of high dielectric constant also reduces 

Zo. These properties are used advantageously in the present invention to reduce the 

25 physical size and to increase, for a given amount of power, the current and the 

resulting H field in which magnetic materials are heated (and can also be used to 

control the E field). 

The embodiments ofF'igures 2. 3 and 4 also have an advantage over 

induction coils (multi-tum wire windings) in that they allow better control of the 

30 volume of material to be heated, and they may be fabricated in the form of an openable 

clamp to allow heating of the thin layer on the periphery of a selected length of 
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material without requiring access to the end of the material. For example, the 

resonator can be readily made to rapidly clamp around the circumference of an 

extended length of cable rather than having to pass the cable through an induction coil. 

Figure 3 shows one embodiment of the invention for clamping around and heating 

s magnetically absorptive materials and welding such materials to adjacent materials. 

Figure 4 shows a second embodiment for heating lengths of magnetically absorptive 

materials. 

Figure 3 shows preferred embodiments of the invention for clamping 

around and heating material in the peripheral region of single or multiple cables or 

10 closures (Figures 3A, 3B, and 3C) or for heating flat strips of material (Figure 4D). 

The material (discussed further below) may be of a sandwich configuration with the 

inner materials being magnetically absorptive at the frequency of the resonator and the 

outer materials being either absorptive or non-absorptive. The heating of one or more 

layers can be suflicient to cause the materials, or portions thereat; to reach the melting 

15 or fusion point such that the layers become bonded one to the other. Many plastic 

materials. particularly those of polyethylene, may be welded together in this manner if 

one or more layers, by use of appropriate additives, are made magnetically absorptive 

to electromasnetic energy of the resonator frequency. Such additives may be particles 

or filaments of materials exhibiting hysteresis loss or dun films of resistive materials or 

20 materials which modify the bulk resistivity or conductive characteristics of the layer. 

The applicator 20 of Figure 3A is a quarter-wave resonator with means 

for coupling electromagnetic power through a capacitive probe 22 at the open end 24 

of the resonator's inner conductor. In this embodiment, several components make up 

the inner conductor, including resonator tube 2'~ coupling joint 28 and low resistance 

25 conductor 30. The outer conductor is also Conned of several parts., including another 

low resistance conductor 32 and a shield formed of a first housing 34 which surrounds 

resonator tube 26 and a second housing 36 which surrounds low resistance conductors 

36 and 32. Probe 22 is connected to the center conductor of a coaxial cable connector 

38. A coaxial cable (not shown) D-om connector 38 leads to an electromagnetic signal 

30 source (power supply) 40 which provides an appropriate amount of power at the 

resonator frequency (discussed fbnher below). Resonator tube 16 surrounds, or is 
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adjacent to, coupling probe 22 to form a coupling capacitance that causes the 

resonator input impedance at connector 38 to be of a se1ected value. Typically this 

input impedance is made to match that of the coaxial cable used to cany 

electromagnetic (EM) power from source 40 but it may be made a different value to 

5 directJy match a closely adjacent generator, amplifier, oscillator or other component. 

Providing an input impedance of SO ohnis or less aUows the use of a longer coaxial 

cable without significant loss. Another probe 42 which is electrically connected to a 

connector 44, also forms a capacitive coupling to resonator tube 26 and may be used 

to provide a sample of the resonator energy as an output for purposes of monitoring 

10 the resonant power level, indicating proper tuning of the resonator to the EM wave 

source or for feedback to the input of an electronic amplifier to cause it to self osci1late 

and become the BM power source at the resonator ftequency when the output of the 

amplifier is connected to resonator input coupling probe 22. 

Low resistance conductor 30 is removably attached to resonator tube 

15 26 by a low resistance detachable connection 46 at coupling joint 28 to form a 

continuation of the center conductor to the shorted end 41. Low resistance conductor 

32 is electrically connected to conductor 30 and housing 36 by a metallic element 50, 

and is further connected to housing 36 at the extended interface 52 to fonn a part of 

the outer conductor and carry a major part of the EM resonator curreiit flowing in the 

20 conductors in the region near shorted end 48. The adjacent surfaces of 32 and 36 are 

shaped to best conform to the material 54 to be heated. Several shapes for elements 

32 and 36 for heating round or flat material are illustrated in Figure 2. Material 54 

may be heated even though that material may not completely fill an the region available 

for the material. The center region of the round shapes in Figures 2A, 2B and 2C may 

25 also be heated but not at the same rate as the material at the periphexy of the regions. 

The outer conductor components 34 and 36 separate at 56, and components 26 and 30 

of the center conductor are hinged at shoned end 48, allowing separation of30 and 32 

to permit material 54 to be placed in the region or to allow the heater to be placed 

around material to be heated and then removed. Other binging and separation 

30 configurations to permit the heater to be placed and clamped around various fonns of 
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material to be heated will become apparent to those skilled in the art upon reference to 

this disclosure. 

The configuration of Figure 2A makes use of a single metal element 50 

to serve as the electrical short between the inner and outer conductors, as well as the 

s hinge. In the configuration of Figure 2B. the electrical short across 30 and 32 is 

electrically isolated from the shield (housing 36) which fonns the outer conductor of 

the resonator such that the high EM current does not flow through the external hinge 

58. TIUs construction provides better shielding and reduces electromagnetic emissions 

from the heater. In the configurations ofFigures 2C and 2D, low resistance conductor 
IO 32 is shaped to electrically isolate this conductor from the shield at the high current 

(shorted) end of the resonator to better equalize the current flow and heating of the 

material 54 from such currents in elements 30 and 32, and to further reduce currents in 

the shield to minimize emission fields. The adjacent surfaces of components 31 and 36 

(such as at 52) in any of the resonator embodiments of Figures 2A, 2B, 2C or 2D may 
1S be shaped to conform to any of the material geometries as shown in any of these 

Figures or any other shape as may be appropriate for heating magnetically absorptive 

materials. Dielectric material 60 between the inner and outer conductors 26 and 34 
provides electrical insulation to minimize high voltage breakdown eft'ects at the open 
end of the resonator), serves to reduce the velocity of EM wave propagation in the 

20 resonator, thereby reducing the required physical length of the resonator for a selected 
frequency, and may increase the current flow and the heating effect there&om at the 

shorted end of the line by reducing the characteristic impedance, Zo. of the 

transmission line element which fonns the resonator. Dielectric material 60 may 

extend over the entire length of the resonator or over only a portion as shown in 
25 Figure 2, and may fill all or only a portion of the space between the conductors. The 

dielectric material is selected to have a minimum of dielectric loss to aid in maintaining 
a high resonator Q and to have a relative dielectric constant as required to optimize the 

physical size and Zo of the resonator. Coupling probe 21 is electrically insulated from 

resonator tube 26 by additional dielectric material 62. This dielectric must be of low 
30 loss material to minimize adverse effects on the Q of the resonator and may be of the 

same material as 60 or different. 
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Figure 3 further illustrates how dift'erent heating adapters (components 

30, 32. 36) may be attached, one at a time, to a common applicator base (components 

22, 2~ 28, 34). Even if completely separate applicators were provided, they could still 

use a common power supply 40. 

s A continuous strap of conductive material (not shown) may be used in 

place of elements 30, 32 and 50 to fonn a loop around material to be heated. This 

strap would preferably be connected at 46 to 21 and at 64 to 34 to provide the 

electrical requirements for a shorted end and the remaining length (inductance) needed 

to fonn a quarter-wave resonator at the desired frequency. Means to adjust the length 

10 of the loop formed by the conductor and thereby control the tension may be 

incorporated. Such means may be as simple as a slot in the strap under the attachment 

46, a clamp through which the strap passes, or a threaded screw mechanism. 

Figures 4A and 4B show an adaptation 70 of the quarter-wave 

resonator most suited for heating extended lengths of materials that are magnetically 

IS reactive at the resonator frequency. A conductor 72 joins resonator tube 26 to 

conductor 30 to form a continuation of the inner conductor of the resonator. 

Conductive element 32 is connected through to shield 36 to form a continuation of the 

outer conductor. Another low resistance element 74 forms an electrical short between 

the two conductive elements 30 and 32. The material 54 to be heated is located 

20 between the adjacent surfaces of 30 and 32 where the high EM current of the 

resonator heater produces a maximum EM field. The edge of the material to be heated 

is inserted through a slot 76 along one side of housing 36, extending into the region 

between the conductors 30 and 32. Slots in the adjacent ends of the shield allow 

extended lengths of material to slide through the conductors 30 and 32 as illustrated in 

2S Figure 4B, usefbl in accommodating, e.g., longitudinal flanges of cable closures. The 

assembly of the extended portion of the applicator (components 30, 32, 36, 72 and 74 

in Figure 4) may be made separable ftom the other elements ofFigure 4 or it may be an 

integral part thereof. 

Power supply 40 is a radio frequency power generator which operates 

30 at the resonator ftequency, and can run off' 12 v DC as well as 110/220 v AC. The 

resonator frequency is selected to be optimum for the particular application, in the 
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range of S0-1000 MHz. The power generator frequency is preferably Jocked to the 

resonator frequency by use of a feedback connection. In the present embodiment, 

wherein the applicators are sized for sealing telecommunications cables and closures, 

the optimum frequency is 125 MHz. The power from the generator is optimized for 

s the size and extent of the fusion bond. The power supply. as well as the applicator, 

should comply with all applicable regulatory requirements, as well as industrial 

standards such as ANSVIEEE standard C9S. l-1992, "Safety Levels with Respect to 

Human Exposure to Radio Frequency Electromagnetic Fields, 3 kHz to 300 GHz." 

An alternative applicator design 80 is depicted in Figure S, and also 

10 provides means of improved efficiency in producing a very high frequency, high 

intensity alternating electromagnetic field. Applicator 80 exhibits reduced power loss 

in the inductive coupling element (a coil 82) and thereby permits generation of a higher 

magnetic field intensity for a given amount of high frequency power, and also reduces 

resistance losses and the heating of the coil by the high frequency current flowing 

15 therein. A variation of the heater coil design allows the use of higher frequencies than 

would otherwise be possible for efficient heating of material of large diameters. 

The electromagnetic field in a generalized coil is proportional to the 

current, I, flowing in the conductor. The power dissipated in the coil is equal to PR, 
where R.is the effective resistance of the length of conductor Conning the coil. At low 

20 ftequencies this resistance is given by 

where; 

R=pLIA 

A= cross-sectional area of the conductor, 

L =length of the conductor, and 

2s p =resistivity of the conductor. 

For a copper wire 0.25" (6 nun) in diameter and one-foot long. the cross-sectional 

area is 0.049 square inches (31 sq. mm) and resistance would be near 1.71x10°' ohms 

at DC and at very low AC fi'equencies. A current of 100 amperes t1owing in the wire 

to produce a magnetic field would cause a power dissipation of 1. 71 watts in the wire. 

30 However, as is well known, at higher frequencies the skin depth eft'ect restricts the 

effective cross-sectional area such that most of the current must flow in a very thin 
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region near the surface of the conductor. This increases the effective resistance and 

the power required to force a given QllTent through the wire. At 100 MHz, for 

example. the skin depth for copper is 3.5 x 10..,. inches and the effective resistance of 

the same 0.25" diameter, one.foot long wire increases by a factor of 233. to 0.3988 

s ohms/foot. For a current of 100 amperes the power dissipation becomes 398.8 watts! 

This will cause the wire to become very hot which further increases the resistance and 

power in a vicious cycle, and which can lead to excessive thennal heating of material 

near the wire surface. 

The alternative design of applicator 10 uses a multiplicity of smaller 

10 diameter wires in parallel to effectively increase the conducting cross section at high 

frequencies for a given total conductor cross-sectional area. The skin depth for small 

diameter wires is approximately equal to that of large diameter wires but for small 

wires the percentage of the physical cross sectional area that carries nigh frequency 

currents is much higher. For example a 0.25" diameter solid wire has a cross section 

JS area of0.049 square inches but at 100 MHz the effective current-carrying cross­

sectional area is 0.049/233, or 2.1 x 10 .. square inches. A bundle of 1000 wires each 

of7.89 x 10_, diameter would have the same total cross sectional area. but if the wires 

are adequately separated the effective current-carrying cross-sectional area at 100 

MHz will be 8.69 x 10-s. This is41 times that of the solid 0.2s•' diameter solid 

20 conductor, and the eft"ective resistance is thus reduced by a factor of 41. For 100 

amperes of current this reduces the power dissipation in the conductor from 398.8 

watts to 9.7 watts. 

A coil formed of a strip of copper, or other conductor may be used in 

an attempt to produce a more unifonn H field of greater extent along the width and 

2S near the conductor. This is frequently needed to produce uniform heating in a wide 

area of materlal which absorbed energy ftom the ff-component of an electromagnetic 

field. W'1th a wide conductor strip carrying current perpendicular to the width. the 

current density is not uniform across the width but is more intense near the edge. This 

causes the H-field intensity to be higher near the edges of the conductor and lower in 

30 the midregion. Uniformity of the current distribution can be improved and with lower 

effective resistance as previously described by use of a multiplicity of parallel 
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conductors of smaller width. These conductors are physically located side by side and 

insulated one ft'om the other except for being electrically connected in parallel at the 

ends to form a layer of conductors of a desired overall width. These layers may be 

stacked to further reduce the effective resistance and thereby increase the current 

s carrying capacity and reduce the power dissipation for a given flow. 

The descnl>ed layer of parallel conductors which form a conductive 

strap-type coil of desired width may be formed by etching copper clad boards to 

provide the desired pattern of conductors on the one or both sides of the insulating 

substrate. The thickness of the etched cladding and the width of the individual 

10 conductors should preferably be somewhat greater than twice the skin depth for the 

frequency of the current to be used to produce an electromagnetic field, using the strap 

conductor to fonn a full or partial coil The spacing ft'om conductor to conductor 

should be the minimum that allows adjacent conductors to mutually carry current with 

a minimum reduction in the eft"ective skin depth from the eft'ects of the other. 

15 For example, etched parallel conductors each 0.006 inches wid~ spaced 

0.012 inches center-to-center, and 0.0015 inches thick have been used to form a strap 

conductor of about O.SOO to 0. 75 inches total width. The number of parallel 

conductors ranged from 42-63. The insulating substrates have ranged from O.OOS to 

0.062 inches in thickness and have included fiberglass, Teflon, reinforced Teflon, and 

20 polyamide materials. This list of conductor. substrate materials and dimensions is not 

exhaustive and others ue potentially usable. Through plated holes between 

conductors on each side of the substrate may be used to provide electrical connections 

at the ends or at other points as desired. The ends of all the conductors are electrically 

connected in parallel by a wider region ot conductor which also provides means for 

25 connection of the strip to the remainder of the circuit and to the generator used to 

provide RF power through the coil. 

The multiwire coil may be connected to a short section of coaxial RF 

transmission line as previously describe for the resonator comprised of an inner tube 

and an outer tube to which RF power is coupled through a capacitive pro~ or to a 

30 suitable capacitor to fonn a high Q electrical resonator tuned to the desired operatins 

frequency. Suitable impedance matching may be included to allow maximum transfer 
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of power fi'om an RF generator to the resonator to maximize the efficiency with which 

available RF power is used. The coil is preferably enclosed in a shield (full or partial) 

to minimize the external electromagnetic field and to minimize the radiated power and 

thereby improve the efficiency of generating a high intensity RF magnetic field within 

s or near the coil. 

Many materials which may be heated by exposure to the H-component 

of an electromagnetic wave are more absorptive at higher frequencies than at lower 

frequencies. For this reason it is desirable to use as high a frequency as possible to 

produce the desired heating rate with minimum amount ofllF power. However, it is 

10 also desirable that the heating be uniform along the full extent of material to be heated 

by use of the RF field. With a coil formed of a continuous conductor that is fed 

an RF current, the field will vary along the conductor length as a function of 

wavelength. Thus the coil circumference must be a small fraction of a wavelength, 

typically 0.1 wavelength or less, at the RF frequency at which it is to be used. This 

15 then sets a limit as to t~e maximum size of material that may be unifonnly heated at a 

selected frequency. For example, if the material heating properties require a minimum 

frequency of 400 MHz (wavelength of O. 75 meters) then the largest coil circumference 

which may be used and still keep the conductor length to less than 0.1 wavelength is 

0.075 meters (2.955") making the maximum coil diameter 0.94". This limits the 

10 maximum diameter of material to be unifonnJy heated to less than 0.94 inches. 

This restriction may be overcome and larger sections of material heated 

at a selected frequency by putting one or more capacitors in series with the conductor; 

in this manner, the current can be kept more uniform over coil circumferences that are 

much greater portions of a wavelength. The length of the conductor Conning a coil is 

2S divided into multiple segments with each segment made a small ftaction of a 

wavelength (i.e., 0.1 wavelength or less). A capacitor is placed between adjacent 

segments to correct the phase of the current or to partially tune out the effective 

inductive reactance of the coil conductor segments. By use of an appropriate 

capacitance between segments, the RF current flow from segment to segment is kept 

30 nearly in-phase and of near unifonn amplitude. This allows uniform heating of much 

larger sections of material than would otherwise be possible at a selected very high RF 
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frequency. These capacitors may preferably be formed by etched patterns of 

conductors on both sides of an insulating substrate, but could be discrete capacitors of 
adequate current capacity, voltage rating, loss resistance and stability. The area of the 

overlap of conductors on each side of an insulating substrate and the thickness and 

s dielectric constant of the substrate sets. to a first order, the value of the capacitance so 

formed as is well known for parallel plate capacitors. Wavelength etfects may need to 

be considered for higher accuracy detenninations. The substrate material should have 

low dielectric loss and good high-voltage breakdown properties. Teflon-based 

materials have been found suitable for some applications though other substrate 

10 materials can be used. The etched parallel plate capacitors can be combined with the 

conductors that form the coil segments and an appropriate pattern etched 

simultaneously in the double clad board to form the coil strap of a desired length. The 

coil segments and overlap to form the capacitors can be of the paraJlel multi-conductor 

configuration previously described or made of a wider strip. Other means of 

IS fabrication can also be used within the scope of this invention. Applicator BO may use 

the same power supply 40 used with applicator 20 

The composite bonding material (CBM) used with the present invention 

comprises a bonding matrix with a plurality of magnetically reactive susceptors therein. 

The bonding matrix can be a cohesive material (thermoplastic, such as polyethylene) or 

20 an adhesive material (epoxy or hot-melt) or a mixture thereof. Simple susceptors such 

as ferrite powder may be used. A preferred material is the layered, magnetic particles 

descn"bed in U.S. Patent Application Serial No. filed on or about March 29, 

1995 (attorney docket no. 51206USA7A). These multi-layered flakes include at least 

one thin-film, crystalline, ferromagnetic metal layer stacked alternately with at least 

" one thin-film dielectric layer. and are present in the bonding matrix in an amount in the 

approximate range of 0.1% to 10% by volume. The composition of the CBM is 

generally not critical and is not per se within the scope of this invention; however, the 

CBM must be reactive at the applicator frequency. The bonding matrix or susceptors 

could also have a material which bas a dielectric reactance. Finally, the susceptors 

30 could be self-regulating, i.e., Curie-limiting. 
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Although the invention has been described with reference to specific 

embodiment~ this description is not meant to be construed in a limiting sense. Various 

modifications of the disclosed embodiment, as well as alternative embodiments of the 

invention, will become apparent to persons skilled in the art upon reference to the 

s description of the invention. It is therefore contemplated that such modifications can 

be made without departing from the spirit or scope of the present invention as defined 

in the appended daims. 
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CLAIMS: 

1. An induction heating system for fiasion bonding. comprising: 

a composite bonding material having a bonding matrix and a plurality of 
susceptors, said susceptors being magnetically reactive at a frequency above SO MHz; 

s and 

applicator means for applying radiant electromagnetic energy to said 
composite bonding material at a frequency above SO MHz. such that said susceptors 

may be heated sufficiently to melt a portion of said bonding matrix. 

2. The system of Claim 1 wherein said susceptors are magnetically 

10 reactive in the range of 75-500 l\4Hz and said applicator means applies radiant 
electromagnetic energy in the range of 7S-SOO MHz. 

3. The system of Claim 1 wherein said applicator means includes a 

quarter-wave resonator. 

4. The system of Claim I further comprising a power supply, wherein 
15 said applicator means is selected from a plurality of applicators each adapted to receive 

power from said power supply and each having a different geometry for heating said 
composite bonding material. 

S. The system of Claim 1 wherein said applicator means includes an 

applicator base and a heating adapter operatively connected to said applicator base, 

20 said heating adapter being selected from a plurality of heating adapters each having a 

different geometry for heating said composite bonding material. 

2.5 

6. The system of Caim I wherein said applicator means includes a 

plurality of wires, electrically insulated from one another, each forming a coil with a 
common axis, each of said wires being electrically connected in parallel. 

7. The system of Claim 1 wherein said susceptors are further 

dielectrically reactive at said frequency above SO MHz. . 

8. The system of Claim 2 w~erein said applicator means generates a 

peak frequency of about 125 MHz. 

9. The system of Claim 3 wherein said quarter-wave resonator is 

30 elongate and coaxial. having an inner conductor, and an outer conductor at least 
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partially surrounding said inner conductor, said inner and outer conductors being 

electrically connected at one end of said resonator. 

10. The system of Caim 6 wherein: 

said quarter-wave resonator includes an elongate applicator base having 

5 an inner conductor, and an outer conductor at least partially surrounding said inner 

conductor; and 

said inner and outer conductors are electrically connected at one end of 

said applicator base by said plurality of wire coils. 

11. The system of Claim 6 wherein several of said plurality of wires are 

10 stacked to fonn multiple layers of said coils, such that the effective resistance of said 

applicator is reduced and the current-carrying capacity is increased. 

15 

12. The system of Claim 9 wherein said applicator means further 

includes a capacitive probe for coupling electromagnetic energy to said inner 

conductor. 

13. The system of Claim 11 further comprising a plurality of capacitors_ 

each connected in series with a respective one of said wire coils, such that current in 

said coils is approximately uniform for coil circumferences which are greater than 0.1 

of the wavelength of said radiant electromagnetic energy. 
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14. An apparatus for applying radiant electromagnetic energy to 

magnetically reactive susceptors, the apparatus comprising: 

an elongate iMer conductor; 

an elongate outer conductor at least partially surrounding said inner 

s conductor and extending generally parallel thereto, said inner and outer conductors 

being electrically connected at a common end to form a quarter-wave resonator, and 

said inner and outer conductors being constructed such that material containing the 

susceptors may be interposed between said inner and outer conductors; and 

means attached to said inner and outer conductors for electrically 

10 connecting said conductors to an external power supply. 

IS. The apparatus of Claim 14 wherein: 

the susceptors are magnetically reactive in the range of 15-SOO MHz; 

and 

said apparatus is adapted to radiate inductive energy in the range of7S-

IS SOOMHz .. 

16. The apparatus of Claim 14 wherein said connecting means 

comprises a coaxial connector, a center conductor of said coaxial connector being 

coupled to said inner conductor, and a ground conductor of said coaxial connector 

being connected to said outer conductor. 

20 17. The apparatus of Claim 14 further comprising a capacitive probe for 

coupling electromagnetic energy to said inner conductor. 

18. The apparatus of Claim 14 wherein said inner conductor includes a 

resonator tube. and further comprising capacitive probe means for coupling 

electromagnetic energy to said resonator tube. 

25 19. The apparatus of Claim 14 further comprising probe means for 

sampling resonator energy at said inner conductor. 

20. The apparatus of Claim 14 wherein said inner and outer conductors 

are electrically connected at said common end by a plurality of wires, electrically 

insulated from one another, each forming a coil with a conunon axis, each of said wires 

30 being electrically connected in parallel. 
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21. A system for applying radiant electromagnetic energy to 

magnetically reactive susceptors, the system comprising: 

a power supply; and 

a plurality of applicators each having means for inductively heating the 

s susceptors and each adapted to receive power ftom said power supply, each of said 

applicators further having a different geometry for heating differently shaped materials 

containing the susceptors. 

10 

22. The system of Claim 21 wherein each of said applicators has an 

input impedance of SO ohms or less. 

23. The system of Claim 21 wherein each of said applicators includes a 

quarter-wave resonator. 

24. The system of Claim 21 wherein each of said applicators is adapted 

to radiate inductive energy in the range of 75-SOO MHz. 
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25. A system for applying radiant electromagnetic energy to 

magnetiadly reactive susceptors, the system comprising: 

a power supply; and 

applicator means for inductively heating the susceptors, said applicator 

s means including (i) an applicator base having means for electrically connecting said 

base to an external power supply, and (ii) a heating adapter operatively connected to 

said applicator base, said heating adapter being selected &om a plurality of heating 

adapters each having a different geometry for heating differently shaped materials 

containing the susceptors. 

10 

lS 

26. The system of Claim 25 wherein said applicator base and a given 

one of said heating adapters together fonn a quaner-wave resonator. 

27. The system of Claim 2S wherein said applicator base includes an 

electriadly conductive resonator tube located within an electrically conductive outer 

shield. 

28. The system of Claim 2S wherein at least one of said plurality of 

heater adapters comprises a plurality of wires, electrically insulated &om one another, 

each of said wires forming a coil with a common axis, and each of said wires being 

electrically connected in parallel. 

29. The system of Oaim 27 wherein said connecting means comprises a 

20 coaxial coMector, and further comprising a capacitive probe coupling electromagnetic 

energy to said resonator tube, said capacitive probe being connected to a center 

conductor of said coaxial connector, and said outer shield being connected to a ground 

conductor of said coaxial connector. 
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26. An induction heating system for tbsion bonding, comprising: 

a composite bonding material having a bonding matrix and a plurality of 

magnetically reactive susceptors; and 

applicator means for applying radiant electromagnetic energy to said 

s composite bonding material such that said susceptors may be heated sufficiently to 

melt a portion of said bonding matrix. said applicator means including a plurality of 

wires, electrically insulated ftom one another, each fonning a coil with a common axis, 

each of said wires being electrically connected in parallel. 

2.7. The system of Claim 26 wherein several of said plurality of wires 

10 are stacked to fonn multiple layers of said coils, such that the effective resistance of 

said applicator is reduced and the current-carrying capacity is increased. 

28. The system of Claim 26 fbrther comprising a plurality of capacitors, 

each connected in series with a respective one of said wire coils, such that current in 

said coils is approximately uniform for coil circumferences which are greater than 0.1 

ts of the wavelength of said radiant electromagnetic energy. 

29. The system of Claim 26 wherein said applicator means is adapted to 

radiate inductive energy in the range of 1S-SOO MHz. 
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30. A method of fusion bonding thermoplastic material> comprising the 

securing a composite bonding material adjacent a surface of the 

thermoplastic material. said composite bonding material including a bonding matrix 

5 and a plurality of susceptors. said susceptors being magnetically reactive at a frequency 

above so MHz; and 

applying radiant electromagnetic energy at a frequency above SO MHz 

to said composite bonding material until said susceptors are heated sufficiently to melt 

a portion of said composite bonding material and a portion of said thennoplastic 

10 material. 

31. The method of Claim 30 wherein said ~usceptors are magnetically 

reactive in the range of 15-SOO MHz, and said applicator means applies radiant 

electromagnetic energy in the range of 75-500 MHz. 

32. The method of Claim 30 wherein said applying step is accomplished 

15 using an applicator which includes a quarter-wave resonator having an inner conductor 

and an outer conductor which at least partially surrounds said inner conductor, and 

further comprising the step of capacitively coupling a power supply to said inner 

conductor. 


